1. Introduction {#sec1-1}
===============

Ovarian cancer has the highest mortality of all the gynecologic cancers and the overall survival rate is poor due to the early metastasis prior to the onset of distinctive early symptoms as well as the lack of efficacious screening and diagnostic techniques. In 2002, two landmark studies were published on the benefit of prophylactic oophorectomy (PO), which reduces the risk of ovarian cancer by more than 50% and has become accepted as the standard of care for high risk women \[[@r1],[@r2]\]. However, PO has been found in recent years to increase mortality of women undergoing oophorectomy prior to the age of 45 \[[@r3]\] or even before the age of 55-60 \[[@r4]\]. Moreover, these high risk women are not candidates for hormone replacement therapy because of their increased risk of breast cancer \[[@r3]\]. Thus, new intraoperative devices capable of reliably diagnosing ovarian cancer in earlier stages during minimally invasive surgery could minimize the use of PO, and reduce the high mortality of this deadly disease, particularly in high risk women.

Optical coherence tomography (OCT), a high resolution imaging technique \[[@r5]\], measures back-scattered light generated from an infrared light source directed to the tissues being examined. OCT typically obtains a resolution on the scale of several to tens of microns and a penetration depth of 1-3 mm. OCT has been used to image tissues in the body that can be accessed either directly or via an endoscope or catheter, including eye \[[@r6]--[@r8]\], coronary blood vessels \[[@r9],[@r10]\], and GI tract \[[@r11]--[@r13]\]. The morphological features of pre-neoplastic or early neoplastic changes have prompted development of this high-resolution imaging modality for early-stage ovarian cancer detection \[[@r14]--[@r18]\]. OCT is sensitive to changes in collagen that are seen when malignancy develops \[[@r17],[@r18]\]. OCT can also detect areas of necrosis that are indicative of an underlying abnormality in the tissue not detected by the surgeon \[[@r18]\].

Photoacoustic imaging (PAI) is an emerging biomedical imaging modality that has the advantage of providing optical absorption contrast at ultrasound resolution \[[@r19],[@r20]\]. It uses an ultrasound transducer to measure the ultrasonic waves generated from thermoelastic expansion resulting from a transient temperature rise due to the short pulse light absorption of biological tissue. The acquired ultrasonic waves are used to reconstruct the light absorption distribution which directly relates to vasculature of tumors or tumor angiogenesis \[[@r21]\]. Tumor angiogenesis is a fundamental step in tumor growth and metastasis \[[@r21],[@r22]\]. In addition, if two optical wavelengths are used, the measured photoacoustic signals can be used to reconstruct the distribution of tumor oxygenation, which is an important indicator of tumor metabolism and therapeutic response. Pulse-echo ultrasound (US), a conventional imaging modality, can be readily achieved with a PAI system and provides tissue structure information at deeper depth than OCT with resolutions that are scalable with the transducer frequency and bandwidth. Co-registered ultrasound and PAI for non-invasive transvaginal imaging has been investigated for ovarian cancer detection by our group \[[@r23]\].

Combining OCT, US and PAI would further provide complementary tissue optical absorption, scattering information, and deep tissue structures. Previously, Yang *et al.* developed a photoacoustic endoscopy \[[@r24]\]; Yin *et al.* reported an integrated intravascular OCT and ultrasound imaging probe \[[@r25],[@r26]\]; Wang *et al.* demonstrated an ultrasound guided spectroscopic intravascular photoacoustic imaging system \[[@r27]\]; Li *et al.* \[[@r28]\] and Jiao *et al.* \[[@r29]\] both introduced the integrated OCT and photoacoustic microscopy. For the above referenced studies, either one or two imaging modalities were investigated, although some were not suitable for endoscopy applications. This study, to the best of our knowledge, reports the first prototype system that integrates OCT, US and PAI modalities for endoscopy applications. The performance of the system in ovarian tissue characterization has been demonstrated using *ex vivo* porcine and human ovaries.

2. Materials and Methods {#sec1-2}
========================

2.1. Prototype endoscopic probe {#sec2-1}
-------------------------------

[Figure 1(a)](#g001){ref-type="fig"} Fig. 1Integrated OCT-US-PAI tri-modality endoscopic probe. (a) sketch of the tri-modality probe; (b) photographs of probe and components (transducer, OCT fiber and light illumination fiber); (c) left view of the probe configuration; (d) side view of the probe configuration. depicts the combined three-modality endoscopic probe which consists of a ball-lensed OCT fiber (WT&T Inc., Canada), a multimode fiber (OFS Corp., CT) having the distal end polished at 45 degree angle for delivering the laser beam for PAI, and a high-frequency unfocused ultrasound transducer. The photograph of the probe is shown in [Fig. 1(b)](#g001){ref-type="fig"}. The diameters of the ball-lensed OCT fiber, PAI-light-delivering fiber, and the transducer are 0.5mm, 0.9mm and 0.9mm, respectively. The square aperture of the ultrasound transducer is 0.5mm × 0.5mm. The 35 MHz center frequency was chosen as a compromise between the axial resolution and penetration depth. The three components (OCT fiber, illumination fiber for PAI, and ultrasound transducer) are fixed inside a homemade structure. The tip of the illumination fiber and the transducer element are aligned side-by-side with a 3mm center-to-center separation as shown in [Fig. 1(c)](#g001){ref-type="fig"}. The OCT fiber is about 2.6mm under the other two components and indents 2mm towards the proximal end as shown in [Fig. 1(d)](#g001){ref-type="fig"}. The overall diameter of the endoscopic probe is 5mm. The light exiting the illumination fiber is directed towards the imaging medium about 4mm away from the center of the probe.

2.2. OCT {#sec2-2}
--------

[Figure 2](#g002){ref-type="fig"} Fig. 2Integrated OCT-US-PAI system configuration. BD, balanced detector; P/C, polarization controller; A, attenuator; ND, neutral density filter. depicts the combined OCT-US-PAI three-modality imaging system. The Fourier Domain OCT system is based on a 110 nm bandwidth swept source (HSL-2000, Santec Corp., Japan) with center wavelength of 1310 nm and scan rate of 20 kHz. The 10 mW output power from the swept source was evenly split into reference and sample arms by a 2 × 2 coupler. The backscattered light was collected by the side-view ball-lensed catheter and recombined with the reference light at the second 2 × 2 coupler. The formed interferogram was detected by a balanced detector (ThorLabs PDB120C) and acquired by a 50 MHz digitizer (Cs8325, Gage Applied) after a 20 MHz anti-alias filter. The OCT probe is mechanically scanned laterally in steps of 3μm over a 15mm span to form an image. During OCT image processing, a wavelength-dependent amplitude correction to the raw data was applied to account for the optical power variation during A-line scans \[[@r30]\]. The scaled measurement data was interpolated to a uniform grid in k-space before Fourier transformation.

2.3. PAI/US {#sec2-3}
-----------

The PAI system consists of a Ti:sapphire laser (Symphotics TII, LS-2134, CA) with a tunable wavelength range from 700 to 950nm, and pumped by a Q-switched Nd:YAG laser (Symphotics-TII, LS-2122). The 20ns output pulses at 15 Hz repetition rate were attenuated with a neutral density filter and coupled into the illumination fiber using a convex lens. The optical energy used in the experiments was about 1mJ/pulse at a wavelength of 740nm. The high-frequency transducer was connected to a Panametrics 5900PR (Olympus NDT corp., Waltham, MA) ultrasound receiver which was configured at 54dB gain and with a 3 to 50MHz bandpass filter. The amplified signal was acquired by a 100MHz digitizer (Cs12100, Gage Applied) with a 12-bit vertical resolution triggered by the laser. The US system used the same DAQ as the PAI system and was triggered by the Panametrics 5900PR which is also an ultrasound pulser. To enable seamless switching between the PAI and US imaging modes, a switch was incorporated for selection of the trigger. In both US and PAI modes, the probe is mechanically scanned laterally in steps of 12.5μm over a 15mm span to form an image. To improve the lateral resolution, synthetic aperture focusing technique (SAFT) and coherence factor weighting (CFW) were employed \[[@r31]\]. The SAFT synthesizes a larger aperture by properly delaying and summing the measured signals from adjacent locations. The CFW further improves resolution by compensating each image point with a ratio of the coherent versus incoherent SAFT sums.

Because PAI and US share the same DAQ system, they were performed sequentially. For the ultrasound transducer, water coupling was used while performing PAI and US. Unfortunately, this coupling medium prevented the light from the OCT probe from reaching the intended spot because of the refractive-index matching. As a result, the three imaging modalities acquired the images sequentially in this study.

2.4. Ovary {#sec2-4}
----------

Porcine ovaries were obtained from a local farm. Human ovaries were obtained from patients undergoing oophorectomy at the University of Connecticut Health Center (UCHC). The patients who were scheduled for oophorectomy were either at risk for ovarian cancer or they had an ovarian mass or pelvic mass suggesting malignancy. The study protocol was approved by the Institutional Review Boards of UCHC and was HIPAA compliant. Signed informed consent was obtained from all patients. After imaging, the ovaries were fixed in formalin and returned to the Pathology Department for histological processing. For histological evaluation, the ovaries were cut in blocks parallel to the imaging plane, dehydrated with graded alcohol, embedded in paraffin and sectioned to 7 μm thickness using a paraffin microtome. Once the slides that correspond to the imaged planes were identified, they were stained using hematoxylin and eosin (H&E).

3. System characterization {#sec1-3}
==========================

Characterization parameters of the OCT system have been reported previously \[[@r30],[@r32]\]. Briefly, the axial and transverse resolutions of the system are 12μm and 25μm respectively. The signal-to-noise ratio (SNR) degradation as a function of imaging depth was measured by placing a mirror at different distances away from the zero path-length difference with a step-size of 0.5mm. The result is shown in [Fig. 3](#g003){ref-type="fig"} Fig. 3OCT SNR degradation as a function of imaging depth..

The center frequency and fractional bandwidth of the high frequency US transducer were evaluated by a two-way pulse echo measurement using the Panametrics 5900PR. The pulse-echo signal and spectrum are shown in [Fig. 4](#g004){ref-type="fig"} Fig. 4Center frequency and −6dB fractional bandwidth of the ultrasound transducer.. The measured center frequency of this transducer is 34.6MHz and the −6dB fractional bandwidth is 42.5%.

Theoretically, for a spherical focused transducer, the axial and lateral resolution can be estimated by the following two equations \[[@r32]\]:
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where *c* is the speed of sound at the loading medium (1482m/s in water), $BW$is the −6dB fractional bandwidth of the transducer, λ is the average wavelength, *f* is the focal length, and *d* is the diameter of the aperture. Therefore, the theoretical axial resolution of the transducer used in this study is 50μm. [Equation (2)](#e2){ref-type="disp-formula"} is valid for an unfocused transducer at axial distances beyond the far field transition (5.84mm in our case) \[[@r32],[@r33]\]. If the focal length was 6mm, the theoretical lateral resolution would be 514μm.

A phantom consisting of seven 100μm diameter transparent nylon threads was imaged in US mode to determine the axial and lateral resolutions of the transducer. The seven threads were immersed in water and separated by 1mm both in axial and lateral direction. [Figures 5(a)](#g005){ref-type="fig"} Fig. 5(a) Original US image of a phantom consisted of seven 100μm diameter transparent nylon threads (1mm spacing in both axial and lateral directions); (b) US image after SAFT and CFW processing; (c) axial profile of the first thread and (d) lateral profile of the first thread; (e) OCT image of the black ink painted thread; (f) US image of the black ink painted thread; (g) PAI image of the black ink painted thread. and [5(b)](#g005){ref-type="fig"} are the original image and image after applying SAFT and CFW. [Figures 5(c)](#g005){ref-type="fig"} and [5(d)](#g005){ref-type="fig"} show the axial and lateral resolution curves at the first thread marked by the red dashed square in 5(a), respectively. The front and back of the first thread are identified from the original image in [Fig. 5(a)](#g005){ref-type="fig"} and are more clearly visualized in [Fig. 5(c)](#g005){ref-type="fig"}. The two peaks pointed to by the two red dashed lines represent the front and back water-thread interfaces. The distance between these two peaks is 73μm, which is very close to the diameter of the thread. The −6dB axial resolutions at the front and back peaks are 50μm and 55μm, respectively. The −6dB lateral resolution at the depth of 3.6mm is 456μm. Both are quite consistent with the theoretical values. Moreover, the lateral resolutions could be greatly improved by applying SAFT and CFW methods. [Figure 5(b)](#g005){ref-type="fig"} shows an improved image compared with the original image in 5(a). The quantitative comparisons of lateral resolutions before and after applying SAFT and CFW at different depths are listed in [Table 1](#t001){ref-type="table"} Table 1Lateral width comparison (at −6dB), mean (standard deviation, n = 5)Target depth (mm)Lateral resolution of original image (μm)Lateral resolution of SAFT + CFW image (μm)3.64465 (18)247 (7)4.65449 (14)268 (15)5.60491 (19)275 (6)6.61502 (33)329 (12)7.61581 (40)331 (22)8.51684 (65)436 (18)9.51636 (55)457 (25). Tri-modality images shown in [Figs. 5(e-f)](#g005){ref-type="fig"} were obtained after increasing the absorption of the phantom by painting it with the black ink. There are six threads shown in the [Fig. 5(e)](#g005){ref-type="fig"} OCT image, and the seventh one is not detectable because it exceeds system measurement range. The [Fig. 5(f)](#g005){ref-type="fig"} US image and [Fig. 5(g)](#g005){ref-type="fig"} PAI image show similar resolutions both scalable with the center frequency and bandwidth of the transducer.

4. Results {#sec1-4}
==========

[Figure 6](#g006){ref-type="fig"} Fig. 6One set of images from healthy porcine ovary. (a) OCT image (10 × 2.5mm); (b) US image (10 × 5mm); (c) superimposed PAI and US image (10 × 5mm); (d) corresponding histology (10 × 2.5mm). Blue arrow, primordial follicle; green arrow, surface epithelium; red stealth arrow, blood vessel; scale bar, 1mm. shows one set of images from a healthy porcine ovary and 6(a), 6(b), 6(c) and 6(d) are the OCT, US, PAI superimposed on US and corresponding H&E stained histology images, respectively. Clearly OCT offers higher resolution and more detailed structures near the 1\~2 mm under tissue surface than US. Surface epithelium marked as green open arrow and primordial follicles marked as blue arrows are identified in [Fig. 6(a)](#g006){ref-type="fig"} OCT image. The US image in [Fig. 6(b)](#g006){ref-type="fig"} provides deeper structural information than OCT. The PAI image in [Fig. 6(c)](#g006){ref-type="fig"} identifies several vessels marked as red stealth arrows which are deeper than that OCT can detect.

[Figure 7](#g007){ref-type="fig"} Fig. 7One set of images of ovarian tissue from a patient with endometriosis. (a) OCT image (12.5 × 3mm); (b) US image (12.5 × 8mm); (c) superimposed PAI and US image (12.5 × 8mm); (d) corresponding histology (12.5 × 5mm). Pink arrow, collagen bundle; red stealth arrow, blood vessel; scale bar, 1mm. shows one set of images of an abnormal ovary from a 44-year-old premenopausal patient with endometriosis and 7(a), 7(b), 7(c) and 7(d) are the OCT, US, PAI superimposed on US and corresponding H&E stained histology images, respectively. The OCT image shows the shallow tissue features and the well-defined boundary indicating there is a big cyst or follicle underneath. The bright spots indicated by the pink arrows in the OCT image represent the collagen bundles which are marked in the H&E histology 7(d) as well. In [Fig. 7(b)](#g007){ref-type="fig"}, the US image shows a big follicle whose shape and bottom structures are clearly identified. However, these structures were too deep and OCT could not adequately image them. PAI reveals a very high optical absorption at the surface which corresponds to significant amount of red blood cells (see from H&E stains) resulting from endometriosis. This example demonstrates the exquisite sensitivity of the PAI, however, it also suggests that multiple wavelengths are needed to distinguish between old and fresh hemoglobin content for increasing the specificity of the PAI. This can be achieved *in vivo* by tuning the wavelength of our Ti:sapphire laser.

[Figure 8](#g008){ref-type="fig"} Fig. 8One set of images of malignant ovarian tissue from a 61-year old patient. (a) OCT image (12.5 × 3mm); (b) US image (12.5 × 8mm); (c) superimposed PAI and US image (12.5 × 8mm); (d) corresponding histology (12.5 × 4.2mm). Yellow diamond arrow, malignant tissue; scale bar, 1mm. shows one set of images obtained from a malignant ovary of a 61-year-old postmenopausal patient and 8(a), 8(b), 8(c) and 8(d) are the OCT, US, PAI superimposed on US and corresponding H&E stained histology images, respectively. The OCT image shows many small vessels in the shallow subsurface of approximately 1mm deep that were confirmed in the H&E shown in [Fig. 8(d)](#g008){ref-type="fig"} indicated by the red stealth arrows. The US image shows homogeneous structures near the tissue surface and heterogeneous texture patterns below 1mm. The PAI shows many small vessels near the surface of approximately 1mm deep. This pattern agrees with the findings from both the OCT image and histology. The pathology result reveals high grade carcinoma with abundant tumor cells below the surface as marked by yellow diamond arrow, about 1mm below the surface.

5. Discussion {#sec1-5}
=============

The experimental results presented here were obtained by performing the OCT, US and PAI acquisitions sequentially due to the required water coupling for PAI and US. This is however not a fundamental problem and can be overcome by coating the angled face of the OCT ball lens with a reflective material to reflect the light to the imaging medium even in the presence of any index-matching medium. The application of this technique would enable the acquisition of both OCT and PA images simultaneously. Currently, the repetition rate of the laser used for PAI is 15Hz which limits the data acquisition speed. This will be improved by using a higher-repetition frequency laser. The prototype endoscopic probe used a multimode fiber for PAI illumination. This fiber could however be removed, and the illumination function transferred to the single-mode OCT fiber. The latter fiber in this case will need to have a damage threshold high enough to withstand the high laser energy. The removal of the extra multimode fiber would make it more convenient to assemble the probe and greatly reduce the probe size as well.

6. Summary {#sec1-6}
==========

We have developed the first integrated OCT, US and PAI endoscopy imaging system prototype and explored its application in ovarian tissue characterization. The absorption information provided by PAI, the high-resolution subsurface morphological image provided by OCT and the deeper tissue structures imaged by US demonstrate the great synergy of the combined endoscopy over each modality alone. The initial results have shown that the hybrid device has a potential in ovarian cancer detection and characterization.
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